Several amino acid substitutions causing insensitivity have been found in the active site of Ace-paralogous acetylcholinesterase (AP-AChE); Gly119Ser (Culex pipiens, Anopheles gambiae), Ala201Ser (Aphis gossypii), Phe290Val (Nephotettix cincticeps), Ser331Phe (Myzus persicae, A. gossypii), Phe331Cys (Tetranychus urticae) and Phe331Trp (Cx. tritaeniorhynchus). To confirm the responsibility of these substitutions to the insensitivity, the six substitutions were introduced into the AP-AChE cDNA of Cx. tritaeniorhynchus resistant strain (Toyama), and their biochemical properties were examined by using a baculovirus-insect cell system. The substitution Gly119Ser gave the enzyme a high level of insensitivity to carbamate insecticides but a slight insensitivity to organophosphates. On the other hand, an amino acid substitution Phe331Trp located in the acyl pocket induced a very high level of insensitivity to organophosphates and ten times lower insensitivity to carbamates. The amino acid replacement appear to render the acyl pocket less hydrophobic and smaller, and then alter the accessibility of the substrates and inhibitors to this site.
INTRODUCTION
Acetylcholinesterase (AChE, EC 3.1.1.7) is a key enzyme at the cholinergic synapses in the insect central nervous system, and the target of organophosphate and carbamate insecticides. Excessive use of these insecticides for pest control have evoked selection of resistance race in many insect species. More than 30 instances of modified AChE have been reported as a main mechanism of resistance since the first report of insensitive AChE to organophosphates in Tetranychus urticae (Smissaert, 1964; Voss and Matsumura, 1964) . Recent molecular studies have revealed that the insensitivity of AChE is accompanied by amino acid replacements at or near the active site of the enzyme. In flies belonging to the suborder Brachycera, such as Drosophila melanogaster (Mutero et al., 1994) and Musca domestica (Kozaki et al., 2001; Walsh et al., 2001) , several amino acid substitutions causing insensitivity to insecticides were found in Ace or Ace-orthologous AChE (AO-AChE). D. melanogaster has a single AChE gene in its genome (Adams et al., 2000) . In other insect species that have two AChE genes in the genome, the amino acid substitution responsible for insensitivity has been found in a second type of AChE paralogous to Ace (AP-AChE) (Nabeshima et al., 2003 (Nabeshima et al., , 2004 Weill et al., 2003) . Several amino acid substitutions causing insensitivity have been found in the active site of AP-AChE; Gly119Ser (indicates a substitution from Gly to Ser, numbering of amino acid position follows the equivalent number of Torpedo californica AChE without notice) at the oxyanion hole in Culex pipiens (Weill et al., 2003) , Anopheles gambiae (Weill et al., 2003) and An. albimanus (Weill et al., 2004) ; Phe331Trp at the acyl pocket in Cx. tritaeniorhynchus (Nabeshima et al., 2004) and Tetranychus kanzawai (Aiki et al., 2005) ; Ser331Phe in Myzus persicae (Nabeshima et al., 2003) and Aphis gossypii (Li and Han, 2002; Andrews et al., 2004; Toda et al., 2004) and Phe290Val at the acyl pocket in Nephotettix cincticeps (Terada et al., un- (Weill et al., 2003; Oh et al., 2006) . In the present study, therefore, 6 substitutions known to cause insensitivity in various species including positions of 119Gly and 331Phe were designed in the AP-AChE cDNA of Cx. tritaeniorhynchus in order to examine their responsibility for changes in AChE biochemical properties.
Names of insect AChE are now confused since the second AChE gene was discovered. After the discovery of the new AChE gene, two types of AChEs have been named freely by the workers. To avoid confusion, we use AO-AChE and AP-AChE for Drosophila Ace-orthologous and -paralogous gene family members, respectively, in the text.
MATERIALS AND METHODS
Chemicals. The organophosphorus compounds fenitroxon and DDVP, and carbamate compounds carbaryl and pirimicarb, were purchased from Wako Pure Chemical for inhibition assays, and eserine from Sigma. Other chemicals used for the experiment were analytical grade.
Mutagenesis in AP-AChE cDNA and production of recombinant baculovirus. An AP-AChE encoding region was amplified from the cDNA of Cx. tritaeniorhynchus resistant strain (Toyama) by PfuUltra High-Fidelity DNA Polymerase with F99 (CACCTATTACATGCGACCTCTCCA) and R98 (CGGAAAACGGTGTTTAAATCT) at 95°C for 2 min, [95°C for 30 s, 56°C for 30 min and 72°C for 150 s]ϫ30 cycles and 72°C for 10 min. The product was incorporated into pENTR/SD/D-TOPO and then transferred to pDEST8. Site directed mutagenesis was performed by QuikChange II Site-Directed Mutagenesis Kits (Stratagene) with PfuTurbo DNA Polymerase (Stratagene). FW455FCtAce2 (CCGAGGAGGGCTACTACTT-CATCATCTACTATCTAACTGAA) and RW455-FCtAce2 (TTCAGTTAGATAGTAGATGATGAA-GTAGTAGCCCTCCTCGG) were used to replace 331Trp with 331Phe that corresponds to the substitution in the insecticide susceptible strain of the mosquito Cx. tritaeniorhynchus (Nabeshima et al., 2004) .
Other mutations, Trp331Cys (TGG-TGT found in T. urticae) and Trp331Ser (TGG-TCA found in A. gossypii and M. persicae) were made by the same procedures mentioned above using specific primers. Mutations corresponding to Gly119Ser (GGC-AGC in Cx. pipiens), Ala201Ser (GCC-TCC in A. gossypii) and Phe290Val (TTC-GTC in N. cincticeps) were also obtained using cDNA of 331Phe as a template. The seven cDNAs of AChE obtained here are abbreviated as 331Phe, 119Ser, 201Ser, 290Val, 331Cys, 331Ser and 331Trp.
Each cDNA was ligated into pGEM-T Easy (Promega). The vector that had an identical sequence of insert with the one in the previous report (Kozaki et al., 2002) was used in the next PCR with s95CtAce (CACCATGTCGTCGATAAGTA-TGGTGG) and as98CtAce by PfuUltra High-Fidelity DNA Polymerase DNA Polymerase (Stratagene) at 95°C for 2 min, [95°C for 30 s, 56°C for 30 min and 72°C for 150 s]ϫ30 cycles and 72°C for 10 min. The product was ligated into pENTR/ SD/D-TOPO (Invitrogen) following the manufacturer's instructions and then the AP-AChE encoding region was transferred to pDEST 8 (Invitrogen) by LR clonase. Baculovirus was prepared as described in a previous paper (Kozaki et al., 2002) .
Expression of AChE in baculovirus-Sf9 cell system. Sf9 cells were cultured in the serum free medium of Sf 900 SFM (Gibco BRL) containing 100 U/ml penicillin. The cells were infected with 331Phe, 119Ser, 201Ser, 290Val, 331Cys, 331Ser, 331Trp or the control virus without AChE cDNA at an MOI (multiplicity of infection) of 8.0 and incubated at 27°C for 120 h. The cells were separated from medium by centrifugation at 900ϫg for 10 min and sonicated with buffer solution containing 0.1% Triton-X 100 for 3 min.
Assay of AChE activity. The DTNB method by Ellman et al. (1961) was adapted for the determination of AChE activity with a minor modification as described by Mamiya et al. (1997) . Forty microliters of enzyme source were added to each well of a microtiter plate containing 100 ml of 50 mM TrisHCl buffer (pH 8.00) and 20 ml of DTNB solution (0.4 mM DTNBϩ1.5 mM NaHCO 3 ). Then 40 ml of substrate, 1.5 mM of acetylthiocholine (ATCh, replaced with other substrates when necessary), was added to each well. The enzyme mixture was incubated for 30 min with 10 min intervals at 25°C. Optical density was measured at 415 nm with a Microplate Reader Model 450 (Bio-Rad). For evaluation of Michaelis constant (K m ) values, concentra-tions of the substrate, ATCh, propionylthiocholine (PTCh) or butyrylthiocholine (BTCh) were assayed from 0.01 to 50 mM.
Inhibition of AChE was measured by adding 40 ml of various concentrations of the inhibitors to the reaction mixture of the DTNB method 10 min before the incubation and observing residual activity after incubation.
ATCh of 1.5 mM was used as substrate for the determination of AChE inhibition by inhibitors.
All experiments were carried out in three replications and kinetic constants of AChE and I 50 were calculated using a computer program.
RESULTS

Production of AChE by expression of cDNA
Production of AChE was checked by DTNB assay method of AChE activity using ATCh as a substrate in the medium and cells of a baculovirus infected cell culture. Though the yield of the seven AChEs varied, more than 55% of the AChE activity was found in the cell fraction. Activity in the medium fraction was less than 45% of the total activity. Therefore, the subsequent assay for characterization of AChE was performed using homogenates of the cells as an enzyme source.
AChE activity was negligible in the cells infected with recombinant virus containing a control virus without AChE cDNA (less than 0.5%).
Characterization of expressed AChE
Substrate specificity of the AChEs was characterized using different substrates at various concentrations. K m values of 331Phe, 119Ser, 201Ser, 290Val, 331Cys, 331Ser and 331Trp are presented in Table 1 .
Sensitivities of the seven AChEs to the inhibitors, organophosphates and carbamates were determined and compared. The results are shown in Table 2 .
119Ser recombinant AChE
Compared to 331Phe (AP-AChE of Cx. tritaeniorhynchus susceptible strain), AChE with a Gly119Ser substitution, showed greater K m values for ATCh, PTCh and BTCh (1.6 times, 7.5 times and 19.8 times, respectively). The affinity of 119Ser to substrates prominently decreased as the length of the substrate molecules become longer. In 119Ser, the I 50 values to fenitroxon and DDVP were 1.7ϫ10 Ϫ5 M and 1.0ϫ10 Ϫ6 M, respectively, which indicates 35.1 and 3.9 times more insensitive than 331Phe. For the monomethyl carbamates, carbaryl and eserine, the I 50 ratios of 119Ser to 331Phe were 3,328 times and 76 times, respectively, and these ratios indicate that the reduction of sensitivity to these carbamates was higher than that to organophosphates. The sensitivity of 119Ser was rather low to the dimethyl carbamate primicarb.
201Ser recombinant AChE
Compared to 331Phe, 201Ser recombinant AChE showed greater K m values for ATCh indicating low affinity of the enzyme to the substrate (2.1 times). 201Ser showed insensitivity to DDVP, carbaryl and pirimicarb, and slightly lower insensitivity to eserine. In particular, the sensitivity of 201Ser to pirimicarb was about 30 times lower than 331Phe.
290Val recombinant AChE
Compared to 331Phe, 290Val recombinant AChE showed greater K m values for ATCh and PTCh (1.52 times and 2.75 times, respectively). 290Val showed insensitivity to fenitroxon, DDVP, carbaryl, eserine and pirimicarb. In particular, 290Val showed more than 20 times insensitivity to DDVP, carbaryl and pirimicarb, while it became more sensitive to propaphos sulfone (Ratio: 0.3).
331Cys recombinant AChE
Compared to 331Phe, 331Cys recombinant AChE showed greater K m values for ATCh and PTCh (4.0 times and 2.1 times, respectively). 331Cys showed insensitivity to DDVP, carbaryl and eserine.
331Ser recombinant AChE
Compared to 331Phe, 331Ser showed smaller K m values for ATCh and PTCh. 331Phe showed insensitivity to DDVP and carbaryl, and the same level of sensitivity to fenitroxon. It showed specific high sensitivity to pirimicarb (0.01).
331Trp recombinant AChE
Compared to 331Phe, 331Trp showed greater K m values for ATCh, PTCh and BTCh (7.0, 10.5 and 20.6 times, respectively) indicating very low affinity to these substrates. The affinity of 331Trp to substrates prominently decreased as the length of substrate molecules become longer. In 331Trp, the I 50 values for fenitroxon and DDVP were 2.7ϫ10 Ϫ3 M and 2.7ϫ10 Ϫ3 M, respectively, indicating 331Trp to be 5,486 and 10,134 times more insensitive than 331Phe. For monomethyl carbamates, carbaryl and eserine, I 50 ratios of 331Trp to 331Phe were 210 and 138 times, respectively, and the ratios indicate that the reduction of sensitivity to these carbamates was less than to organophosphates. The sensitivity of 331Trp was rather low to dimethyl carbamate pirimicarb.
DISCUSSION
Amino acid substitutions responsible for insecticide insensitivity in AP-AChE have been reported in ten species of insects, and these high levels of insensitivity were thought to be caused by a single amino acid substitution occurring in the active site of the enzyme (Russell et al., 2004; Fournier, 2005; Kono and Tomita, 2006) . The active site lies near the bottom of the gorge lined with highly conserved aromatic amino acid residues that facilitate diffusion of the substrate to the active site. The active site is composed of several subsites as follows. First a catalytic triad (220Ser, 327Glu, 440His) functions as a proton relay system for the catalysis of the substrate in the active site. The oxyanion hole situated next to the triad is composed of 118Gly, 119Gly and 201Ala that stabilize the carboxyl oxygen of ACh through hydrogen bonding. The acyl pocket composed of 233Trp, 288Phe, 290Phe and 331Phe orientate the ligand in an appropriate direction. Finally, the choline moiety of the substrate is stabilized by 84Trp at the choline binding subsite.
In Cx. pipiens, a single mutation Gly119Ser in the oxyanion hole was found to be responsible for the insensitivity (Weill et al., 2003) . Evaluation of the biochemical effect of the Gly119Ser mutation was made by expression of AP-AChE cDNA from Cx. pipiens in S2 Drosophila cultured cells, and the recombinant AChE was shown insensitive to propoxur, a carbamate insecticide, as a resistant strain AChE (Weill et al., 2003) . The Gly119Ser substitution seemed to interfere with the catalytic function by altering the orientation of the substrate and inhibitors in the active center.
We introduced the six amino acid substitutions so far found, Gly119Ser (C. pipiens, An. gambiae), Ala201Ser (A. gossypii), Phe290Val (N. cincticeps) , Ser331Phe (M. persicae, A. gossypii) , Phe331Cys (T. urticae) and Phe331Trp (Cx. tritaeniorhynchus) into the AP-AChE cDNA of Cx. tritaeniorhynchus to produce recombinant AChEs in a baculovirus-insect cultured cell system and examined the biochemical properties of the products. The substitution of Gly119Ser in this study also indicated that the substitution gave the enzyme a high level of insensitivity to carbamate insecticides but a slight insensitivity to organophosphates. On the other hand, an amino acid substitution Phe331Trp located in the acyl pocket induced a very high level of insensitivity to organophosphates and ten times lower insensitivity to carbamates (Oh et al., 2006) . The amino acid replacement renders the acyl pocket less hydrophobic and smaller, and thus alters the accessibility of the substrates and inhibitors to this site. Especially the access of bulky molecules such as organophosphates seems to be restricted. The transportation of a positive charge during the hydrolyzing process was also influenced by the substitution (Nabeshima et al., 2004) .
In wild types of AP-AChE from aphid species, M. persicae and A. gossypii, the amino acid at position 331 is exceptionally Ser, and 331Ser is replaced with Phe in the pirimicarb resistant strains (Nabeshima et al., 2003; Andrews et al., 2004; Toda et al., 2004) . The acyl pocket of AP-AChE with 331Ser seems larger and less hydrophobic than that with 331Phe. The recombinant AP-AChE with 331Ser clearly reproduced this phenomenon. Specific high sensitivity of aphid AChE to pirimicarb and the sensitivity of the mutated AChE that loses the pirimicarb sensitivity to methyl carbamates and organophosphates are well explained by the comparison of the biochemical features of 331Ser and 331Phe.
In the green rice leafhopper N. cincticeps, an AChE resistant strain, Nakagawara showed ca. 100 times insensitivity to methyl carbamates such as carbaryl, metolcarb and propoxur as compared to the susceptible strain. The insensitive AChE simultaneously showed higher sensitivity to bulky inhibitors such as n-propyl carbamates and propaphos sulfone than AChE of the susceptible strain (Hama, 1980) . Recently, amino acid substitution, Phe290Val, in the acyl pocket was found in N. cincticeps. The recombinant AChE, 290Val, reproduced the same characteristics of insensitive in AChE, especially inversed sensitivity to carbamates and propaphos sulfone. Based on the structure of amino acids, the Phe290Val substitution in AP-AChE seems to widen the dimension of the acyl pocket and to alter the accessibility of the ligands and inhibitors to the site. More bulky inhibitors, n-propyl carbamates and propaphos sulfone having low inhibitory activity to the sensitive AP-AChE, fit in the widened acyl pocket of the mutated AChE.
Although two AChEs exist in the insect body, the insensitive features to insecticides in various resistant strains are well understood by the biochemical properties of AP-AChE with the corresponding amino acid substitutions expressed in vitro. Recent studies on AChE gene expression in some insect species indicate that AO-AChE gene expression is much lower than the AP-AChE gene in the insect body (Baek et al., 2005; Mizuno et al., 2006 ). Insensitivity appears to depend on a low level of expression of AO-AChE in the insect body as compared to AP-AChE.
